Winter cold limits temperate plant performance, as does summer water stress in drought-prone ecosystems. Th e relative impact of seasonal extremes on plant performance has received considerable attention for individual systems. An integrated study compiling the existing literature was needed to identify overall trends. First, we conducted a metaanalysis of the impacts of summer and winter on ecophysiology for three woody plant functional types (winter deciduous angiosperms, evergreen angiosperms and conifers), including data for 210 records from 75 studies of ecosystems with and without summer drought across the temperate zone. Second, we tested predictions by conducting a case study in a drought-prone Mediterranean ecosystem subject to winter freezing. As indicators of physiological response of leaves and xylem to seasonal stress, we focused on stomatal conductance ( g s ), percent loss of stem xylem hydraulic conductivity (PLC) and photochemical effi ciency of photosystem II ( F v /F m ). Our meta-analysis showed that in ecosystems without summer drought, g s was higher during summer than winter. By contrast, in drought-prone ecosystems many species maintained open stomata during winter, with potential strong consequences for plant carbon gain over the year. Further, PLC tended to increase and F v /F m to decrease from summer to winter for most functional types and ecosystems due to low temperatures. Overall, deciduous angiosperms were most sensitive to climatic stress. Leaf gas exchange and stem xylem hydraulics showed a coordinated seasonal response at ecosystems without summer drought. In our Mediterranean site subjected to winter freezing the species showed similar responses to those typically found for ecosystems without summer drought. We conclude that winter stress is most extreme for systems without summer drought and systems with summer drought and winter freezing, and less extreme for drought-prone systems without freezing. In all cases the evergreen species show less pronounced seasonal responses in both leaves and stems than deciduous species.
Woody species in temperate forests show pronounced annual dynamics in growth and ecophysiology (Lo Gullo et al. 2005 , Gul í as et al. 2009 , McCulloh et al. 2011 , Carnicer et al. 2013 , Granda et al. 2013 . While the growth period tends to span from late spring to summer, followed by a dormant period from late fall to early spring, deviations from this general pattern occur depending on seasonal extreme climatic conditions. For instance, in drought-prone ecosystems, as in mediterranean-climate areas, plants may show an additional dormancy during summer (Cherubini et al. 2003) . Further, seasonal extreme climate conditions may have contrasting physiological eff ects on diff erent functional groups depending on their trait syndromes (Carnicer et al. 2013) . In this study we tested for contrasting physiological responses for woody functional types which experience distinct seasonal extremes during summer and winter across the temperate zone.
Studies across the temperate zone commonly show reduced physiological function during the winter months due to freezing temperatures, including declines in stomatal conductance Salleo 2000, Hiyama et al. 2005) , hydraulic function (Sperry et al. 1994 , Mayr et al. 2006 ) and photochemical effi ciency (Neuner and Pramsohler 2006, Porcar-Castell et al. 2008 ). However, it has been suggested that at sites with greater summer drought woody species experience lower stress during winter due to milder temperatures (Mitrakos 1980 , Gul í as et al. 2009 ), and summer would be the season with strongest reduction of physiological performance (Ogaya and Pe ñ uelas 2003) . Other studies have shown that even in drought-prone ecosystems (mainly Mediterranean ones) woody species experience a more pronounced reduction in physiological attributes during winter frosts than during summer droughts (Karavatas and Manetas 1999 ). An integrated study synthesizing the existing literature was needed to identify the overall trends in ecophysiological performance during summer and winter seasons. Moreover, clarifying the diff erences among plant functional types would be of great value for understanding EV-2 and modeling annual gas exchange trajectories, as a baseline for anticipating shifts with climate change. For example, a species ' ability to maintain high winter photosynthesis (Garc í a- Plazaola et al. 1999 , Ogaya and Pe ñ uelas 2003 , Gimeno et al. 2009 ) would benefi t plant annual carbon balance as spring and summer droughts become more intense and frequent.
As indicators of physiological response of leaves and xylem to seasonal stress, we focused on stomatal conductance ( g s ), percent loss of stem xylem hydraulic conductivity (PLC) and photochemical effi ciency of photosystem II ( F v /F m ). We focused on the leaf and xylem hydraulic systems based on hypotheses for their correlated responses (Cavender-Bares et al. 2005) . Several empirical and theoretical studies have shown that stomatal closure tracks loss of hydraulic function at multiple temporal scales (Sperry 2000 , Meinzer et al. 2008 , Johnson et al. 2011 , diurnally during the growing season and seasonally during ongoing water stress. Hydraulic stress and freeze-thaw cycles can result in embolism of xylem conduits that impedes the transport of sap from the roots to the leaves (Pittermann 2010) , reducing the capacity of stomata to remain open (Tognetti et al. 1998 , Nardini and Salleo 2000 , Peguero-Pina et al. 2011 . We also focused on the photochemical effi ciency of photosystem II, as a measure of photosynthetic function of leaves which is highly related to seasonal stress and may indicate acclimatization to extreme events (Garc í a- Plazaola et al. 1999) .
To achieve our main goal we used two complementary approaches. First, we conducted a meta-analysis in summer versus winter for three woody plant functional types (winter deciduous angiosperms, evergreen angiosperms, and conifers) from ecosystems with and without summer drought across the temperate zone. Second, for critical detail on the response of species experiencing winter freezing in a drought prone ecosystem, and because the meta-analysis approach can be misleading due to pooling data for average patterns across species growing under disparate conditions and measured with varying techniques, we conducted a case study of Mediterranean species of the three functional types in central Spain.
We hypothesized that typical shifts in physiological performance from summer to winter would depend on whether the site experiences a strong summer drought, but also on the functional types (species varying in leaf habit and wood anatomy) and/or evolutionary lineages (i.e. angiosperms versus conifers), subject to local adaptation and/or phenotypic plasticity (Carnicer et al. 2013 ). In the absence of summer drought, we expected plants to have lower g s during winter than during summer (Morecroft and Roberts 1999 , Ellsworth 2000 , Miyazawa and Kikuzawa 2005 and to suff er winter declines in photochemical effi ciency due to an inability to utilize or dissipate light energy at low temperatures (Martinez-Ferri et al. 2004 , Demming-Adams et al. 2008 , coinciding with a higher degree of embolism during freeze-thaw cycles Sullivan 1992, McCulloh et al. 2011) . In contrast, species in systems that experience summer water stress, the stomatal closure, xylem embolism and loss of leaf photosynthetic function in summer might be equal to or even exceed those during winter (Tognetti et al. 1998 , Gul í as et al. 2009 , Mahall et al. 2009 , Prieto et al. 2009 ). We hypothesized that deciduous angiosperms, having wider xylem conduit diameters would show greater hydraulic vulnerability in both seasons than evergreen angiosperms and conifers, as reported in site-specifi c studies Cochard 1996, Cavender-Bares and Holbrook 2001) . Additionally, as leaf phenology relates to hydraulic architecture (Wang et al. 1992) we expected evergreens to show a lower vulnerability to extreme cold temperatures than species with shorter leaf lifespan (deciduous angiosperms) which experience dormancy during winter (Cavender-Bares et al. 2005) . We further tested whether extreme winter stress, as experienced in our case study site, would lead to further physiological declines from summer to winter, even in a drought-prone system, given that stem xylem embolism would accumulate, and the severe winter may drive severe declines in photochemical effi ciency. Our data also allowed a test of the hypothesis that stomatal dynamics are infl uenced by the status of the hydraulic system generally across seasons. Th ese hypotheses provided a baseline framework for understanding the impacts of seasonal extremes, and we provide a fi rst test for diff erent functional types across the temperate zone.
Material and methods

Meta-analysis of summer versus winter function
We compiled data for stomatal conductance ( g s ; mol m Ϫ 2 s Ϫ 1 ), percent loss of hydraulic conductance (PLC), and dark acclimated photochemical effi ciency of photosystem II ( F v / F m ) from published papers, which included values for given species in summer and winter (Supplementary material Appendix 1 Table A1 ). Th ese data are notably few in the literature, and extremely valuable, given the logistical challenges associated with collection of physiological data in extreme seasons. We searched exhaustively in the Web of Science (WOS, Th omson Reuters) and Google Scholar Web using multiple keywords. We only included data from papers that reported on measurements under natural conditions for a given species population for summer and winter months. If any manipulative treatment had been applied, only the values for untreated control plants were used, and when a given study contained seasonal data for multiple years these were averaged. For consistency, when data were available for diff erent hours during the day for g s , only the data obtained from 10:00 -12:00 were included. Our database includes a total of 210 points for species in given locations (92 for g s , 46 for PLC and 72 for F v /F m ) from 75 diff erent studies of temperate sites around the world, with at least four species (and up to 37 species) per functional type (winter deciduous angiosperms, evergreen angiosperms, and conifers) in sites with and without summer drought for each variable (Supplementary material Appendix 1 Table A1 ). Th e term ' drought ' is defi ned as a climatological drought, brought about when there is a prolonged period of relative soil water defi cit, often associated with high temperatures. Sites without summer droughts were temperate forests with frequent and intense frosts. Sites defi ned by the authors to experience frequent summer droughts were mostly mediterranean climate-type sites. Half the EV-3 drought-prone ecosystems also experienced winter frosts due to a continental infl uence (Supplementary material Appendix 1 Table A1 ).
Mean temperature ( ° C) and relative humidity (%) during summer and winter months were also compiled for each site using the values provided by the authors when available, and completing missing data with those recorded from the closest meteorological station. Using the climate data (mean temperature and relative humidity for summer and winter months) we calculated the vapour pressure defi cit (VPD) at each site and season.
Study site, local climate variables and species
Th e study area was located in Alto Tajo Natural Park, central Spain (Guadalajara, Castilla-La Mancha). Th e climate is continental Mediterranean with hot and dry summers and very cold winters with frequent frosts ( We selected four representative coexisting tree species: the winter deciduous oak Quercus faginea which has ringporous wood; the evergreen oak Quercus ilex subsp . ballota which has diff use-to semi-ring porous wood; and the conifers Juniperus thurifera and Pinus nigra subsp . salzmannii . Within the study area, 3 to 12 adult trees per species were selected (see Fig. 2 for details on numbers of individuals sampled for each variable and species in each season). Mean diameter Ϯ SE at breast height (dbh) of the trees in the study area was 17.8 Ϯ 0.8 cm for Q. faginea , 15.1 Ϯ 0.6 cm for Q. ilex , 17.9 Ϯ 1.2 cm for J. thurifera and 28.7 Ϯ 1.2 cm for P. nigra , corresponding to mean ages of approximately 40 -50 years. Measurements were made for 3 -7 leaves (for g s and F v / F m ) or branches (PLC) per tree. Fully expanded and healthy looking branches and leaves were selected from the upper exposed part of the southern side of the crown.
Physiological measurements
Leaf physiological measurements were taken at a representative intermediate PAR, temperature and VPD (Supplementary material Appendix 1 Fig. A3 ). Leaf stomatal conductance to water vapour ( g s ; mmol m Ϫ 2 s Ϫ 1 ) was measured on fully expanded leaves in summer (July) of 2009 and in winter (February) of 2010. Measurements were conducted using a steady-state diff usion leaf porometer between 10:00 -12:00 under ambient conditions.
For measurements of hydraulic conductivity Tyree 1988, Melcher et al. 2012 ), current year shoots were collected at midday from the most exposed part of the crown. For conifers, stem segments 10 -15 cm in length were cut under water, wrapped in moist paper towels, placed in sealable plastic bags which had been previously exhaled in, within a dark plastic bag fi lled with wet paper towels and brought to the laboratory. For the two oak species, given their longer vessels, shoots were cut off the trees under water to prevent cavitation and placed in small water bottles fi lled to the top and transported horizontally to the laboratory. Hydraulic conductance was determined using the XYL ' EM apparatus, based on a high-resolution liquid mass fl owmeter. Stem segments of 2 -3 cm in length for conifers and 4.5 -5.5 cm in length for oaks, all with diameters Ͻ 5 mm were recut under pure water, and bark and phloem were removed at the ends.
Samples were freshly cut with a scalpel at both ends and connected to the system by silicone tubing sealed with cable ties to prevent leakage. Th e stem segments were placed under water with the bath temperatures recorded using the XYL ' EM software which corrected for the eff ect of temperature on the viscosity of water by standardizing hydraulic conductance to 20 ° C. Degassed 10 mmol KCl in ultrapure water was used as the fl ow solution. Initial stem xylem hydraulic conductance was obtained as the ratio of the fl ow rate through the samples once it had stabilized, typically after 5 -10 min, at the known fl ow solution delivery pressure of 0.02 MPa, chosen to avoid fl ushing naturally formed emboli from the stem segments. Stems were then fl ushed at an applied pressure of 0.1 MPa for 2 min, which preliminary tests showed was suffi cient to fl ush out all emboli; longer fl ushes or higher pressures did not increase the fl ow rate further. Stems were measured again under low pressure (0.02 MPa) until a stable state fl ow rate was achieved to determine the maximum stem xylem hydraulic conductance. Th e percent loss of conductivity (PLC) was calculated as the relationship between initial and maximum hydraulic conductivity when emboli were removed (in %). All tubing, containers and manifolds used were bleached every week with a 10% bleach solution.
Th e use of small segments for Quercus was based on that of previous comparative studies (Cavender-Bares and Holbrook 2001), such that segment lengths were smaller than the median xylem conduit length. Th is approach would not allow determination of maximum stem hydraulic conductivity, but allows calculation of PLC (Melcher et al. 2012) , and, importantly, allowed us to minimize fl ushing time, to avoid plugging that could occur during the fl ushing, which would have been likely if extremely long stem segments were used. Th e danger of removing emboli by fl ushing, and arriving at artifi cially low PLC values was minimized by the careful handling of stem segments described above, and confi rmed by the high PLC values for these species. Additionally, in the case of Quercus , we ensured the stem segments used were from the current year growth, as old growth segments could contain non-functional air fi lled xylem conduits.
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was experienced in its system (Table 1, Fig. 1 ). In systems without summer droughts, trees and shrubs showed substantially lower g s during winter compared to summer (Table 2 , Fig. 1a) . By contrast, in drought-prone systems all species maintained or increased g s during winter, with the exception of the leafl ess winter deciduous trees. Species in these systems with higher temperatures in the summer had on average lower g s than species in cooler systems without climatic drought, especially for conifers and deciduous angiosperms (Table 2, Fig. 1b) . Indeed, functional types diff ered in g s, experiencing the deciduous angiosperms the highest g s values during summer at sites without droughts, and the conifers experiencing the lowest g s during summer at sites with droughts (Table 2 , Fig. 1a -b) .
PLC also shifted seasonally (Table 2) , increasing during winter for all functional types and ecosystems (Fig. 1c -d) . Th e functional types diff ered in the degree by which PLC increased during winter, with deciduous angiosperms showing the strongest increase corresponding to their leafl ess winter season (Fig. 1c -d) . Th e evergreen angiosperms increased in PLC during winter, signifi cantly at sites without summer droughts. Conifers had lower PLC than angiosperms across all systems and seasons (Table 2, Fig. 1c -d) .
In addition, there were substantial seasonal shifts in Table 2) . Species of all functional types decreased their photochemical effi ciency during winter at sites without summer drought, especially the conifer species (Fig. 1e) . At sites with summer drought, the evergreen angiosperms and the coniferous species did not show signifi cant seasonal diff erences in F v / F m (Fig. 1f ) .
Results from the analyses of the covariance (ANCOVA, Supplementary material Appendix 1 Table A2 , A3) substituting season (summer and winter) for seasonal temperatures or VPD indicated that both climatic variables had a signifi cant eff ect on all physiological variables ( g s , PLC and F v / F m ), with the exception of the response of g s to VPD at sites with summer drought. Th ese results highlight that the seasonal shifts found are related to the diff erences of summer and winter temperature and VPD, which are highly correlated (Supplementary material Appendix 1 Table A2 , A3, Fig. A1 ).
Case study in a drought-prone ecosystem: climatic variation and ecophysiological differences in summer versus winter of coexisting species Th e ecosystem in our case study experienced strong seasonal temperature variations (Supplementary material Appendix 1 Fig. A2, A3) . Th e summer of 2009 had similar mean temperature to summer means for the 1951 -2007 period, but was particularly dry, with only 33 mm of precipitation in the three summer months. Th e winter of 2010 was wet and had extremely low temperatures, reaching a minimum mean daily temperature of Ϫ 14 ° C (Supplementary material Appendix 1 Fig. A3) .
Th e study species showed strong shifts in physiology between summer and winter (Fig. 2) . Diff erences in g s were found among species (F ϭ 10.7, p Ͻ 0.0001; ANOVA), and between summer and winter (F ϭ 97.8, p Ͻ 0.0001), with a signifi cant interaction between species and season (F ϭ 8.9; p Ͻ 0.0001). Both Quercus species had high g s Photochemical effi ciency of photosystem II (maximum PSII quantum yield; F v / F m ) was measured with a fl uorometer, during summer (July) of 2009 and winter (February) of 2010. Chlorophyll fl uorescence was evaluated under ambient CO 2 concentration in 30 min-dark-adapted leaves ( F v /F m values under these conditions were highly and signifi cantly correlated with F v /F m at predawn as shown by a pilot study). F v / F m is the ratio of variable ( F v 
where F 0 is the minimum fl uorescence. F v / F m is an index of plant physiological status that refl ects photoinhibitory damage in response to extreme temperatures, excess light and/or water stress (Valladares and Pearcy 1997, Maxwell and Johnson 2000) . Th us, low values of F v / F m indicate a reduction in photosynthetic capacity (Farquhar and Sharkey 1982) .
Statistical analyses
For the meta-analysis, we tested for diff erences in g s , percent loss of hydraulic conductivity (PLC) and declines in dark acclimated photochemical effi ciency ( F v / F m ) as a function of season and functional type, and for their interaction, using analyses of variance (ANOVA), for sites with and without summer drought. Further, we determined diff erences among functional types and seasons using one-way ANOVAs. We also conducted analyses of the covariance (ANCOVA) using each physiological variable as a function of monthly temperature for the given seasons and functional types and as a function of vapour pressure defi cit in separate analyses. Linear regressions were calculated between seasonal physiological variables, temperature and VPD using the meta-analysis data. Measurements taken at our study site were analyzed in the same way for the diff erences in g s , PLC and F v / F m between species and summer versus winter. Prior to analyses, replicate measurements were averaged for each individual. Normality was tested with a Shapiro test and non-normal variables were transformed (Zar 1999) . If after transformation normality had not been achieved, non-parametric statistics (KruskalWallis or Wilcoxon test) were used (Zar 1999) . Analyses were implemented using (<www.R-project.org>).
Results
Findings from the meta-analysis: general framework for summer-winter variation in climate and ecophysiology of three functional types
Seasonal climatic variables diff ered between sites with and without summer droughts (mean temperature, F ϭ 11.1, p ϭ 0.001; mean VPD, F ϭ 25.6, p Ͻ 0.0001). At sites without summer droughts, mean seasonal temperatures and vapor pressure defi cits were lower (20.6 Ϯ 0.1 ° C and 2 Ϯ 1.2 ° C mean summer and winter temperatures and mean VPD of 1.2 Ϯ 0.006 kPa and 0.4 Ϯ 0.06 kPa for summer and winter, respectively), than for sites with summer droughts (23.5 Ϯ 0.08 ° C and 7.7 Ϯ 0.3 ° C mean summer and winter temperatures and mean VPD of 1.8 Ϯ 0.01 and 0.6 Ϯ 0.008 kPa for summer and winter, respectively).
Th e relative magnitude of g s for woody species in winter versus summer depended on whether a summer drought Table 1 . Summary of overall fi ndings for the meta-analysis of global data for temperate forests without and with summer drought, and from a case-study in a Mediterranean forest. Characteristic differences in stomatal conductance ( g s ), percent loss of stem hydraulic conductivity (PLC) and photochemical effi ciency of photosystem II ( F v /F m ) between summer and winter are indicated by a ( ϩ ) for higher, ( Ϫ ) for lower and by a ( ∼ ) for similar.
Meta-analysis of global data
No summer drought With summer drought Case study in Mediterranean system summer winter summer winter summer winter Figure 1 . Results of a meta-analysis of shifts in leaf and stem physiology between summer and winter for woody species across the temperate zone, including mean values ( Ϯ SE) for (a, b) stomatal conductance ( g s , mmol m Ϫ2 s Ϫ1 ), (c, d) percent loss of hydraulic conductivity (PLC) and (e, f ) photochemical effi ciency of photosystem II ( F v / F m ) during summer (black bars) and winter (grey bars) for deciduous angiosperms, evergreen angiosperms and conifers at sites without summer drought (a, c, e) and with summer drought (b, d, f ) . Asterisks ( * ) indicate signifi cant diff erences (p Ͻ 0.05) between summer and winter within each functional type. Th e number of species used for each functional type (n) is indicated at the base of each bar. during summer, whereas the conifers had very low values during both summer and winter (below 50 mmol m Ϫ2 s Ϫ1 ). Th e evergreen Quercus ilex declined signifi cantly in g s during the winter, reaching levels similar to the conifers (Fig. 2a) . Th e species also diff ered strongly in their dynamics of PLC ( χ 2 ϭ 38.62, p Ͻ 0.0001; Kruskal -Wallis test). Deciduous Quercus faginea showed especially strong xylem cavitation, with PLC values of 80% during summer, and further increasing to 90% during winter (Fig. 2b) . By contrast, the PLC for the evergreen Q. ilex was ≈ 55% during summer, and decreased during winter to approximately 45%. Both conifers showed high resistance to stem cavitation, with PLC values ≈ 0% during summer that increased only to 3 and 9% during winter for J. thurifera and P. nigra, respectively (Fig. 2b) .
During summer, F v /F m values for all species ranged 0.83 -0.86 indicating normal leaf functioning (Schreiber et al. 1994 ). However, these values signifi cantly declined in all study species during winter (to 0.54 for the evergreen Quercus and to ≈ 0.65 for the conifers), indicating important loss of photosynthetic function (W ϭ 208, p Ͻ 0.0001; Wilcoxon test) (Fig. 2c) .
Discussion
Th e data supported a general framework for seasonal variation in physiological performance of trees across the temperate zone. Diff erences were found among functional types and for species in ecosystems with and without summer drought. Ecosystems without summer droughts tended to have mild summers and cold winters, and thus it is not surprising that all functional types declined in g s during the winter, coinciding with an increased PLC and reduced
Consistent with mechanistic studies of individual woody temperate species , Cochard et al. 2002 , Pratt et al. 2005 these results indicate an effi cient stomatal control to avoid catastrophic embolism and desiccation of leaf tissues when winter cold results in a decreased water supply to the canopy.
By contrast, drought-prone ecosystems experienced warmer summers coupled with higher VPD and milder winters. As expected, most species showed low g s during the summer, likely a response to avoid desiccation (Chaves 1991 , Escalona et al. 1999 . It is possible that both chemical and hydraulic signals interact to control stomatal behavior under water stress , Comstock 2002 , Mart í nez-Vilalta et al. 2002 , Lo Gullo et al. 2003 . However, the results from drought-prone ecosystems indicated that reductions in g s were not coupled with increases in stem PLC, suggesting that the stomatal closure may be regulated by chemical signals and/or by leaf and/or root hydraulic vulnerability (Whitehead 1998 , Bucci et al. 2013 . Moreover, during the winter PLC increased while stomata remained open, or even opened further. Such a fi nding might refl ect a strong redundancy in the stem hydraulic system for these species, such that plant hydraulic conductance would not be strongly impacted by a considerable reduction in functional conduit number (Zimmermann 1983 , Lo Gullo et al. 2003 . More diffi cult to explain is why PLC increased from summer to winter at sites in which winter temperature is usually mild. We suggest that tree species growing in drought-prone ecosystems are more adapted to drought-induced embolism (Kolb and Sperry 1999, Willson and Jackson 2006) , but are still prone to freeze-thaw induced embolism. In fact, a single freezing event has been shown to embolize most conduits in a number of angiosperm and conifer species, especially when EV-7 preceded by drought stress (Cochard and Tyree 1990 , Cochard et al. 1997 , Willson and Jackson 2006 , Charrier et al. 2013 ). Another possibility is that a faster thawing rate in drought-prone ecosystems, due to high daily temperature oscillations, increases the probability of xylem embolism because less time is available for bubbles to re-dissolve in the xylem sap (Sperry 1995 , Langan et al. 1997 , Feild and Brodribb 2001 .
A further novel fi nding of our meta-analysis was the differences in the seasonal dynamics of F v / F m between ecosystem types. While species of ecosystems without summer drought showed depressed F v / F m in the winter, consistent with cold damage of the components of the photosynthetic apparatus (Adams III et al. 1994 ) the F v / F m remained high in winter at drought-prone ecosystems. Such a high winter F v / F m could be enabled by strong photo-protection during the summer (Garc í a- Plazaola et al. 2008) further maintained into the winter, or due to the accumulation of pigments during the onset of winter stress (i.e. cold temperatures and bright sunlight conditions) to alleviate excessive energy and photoinhibition and to provide antioxidant protection (Ruelland et al. 2009 , Hughes 2011 . Th ese fi ndings emphasize the strong variation in the photosynthetic integrity among species subjected to diff erent stress during winter (Adams III et al. 1994) .
Our case study in an ecosystem subjected to frequent summer droughts and winter freeze-thaw events showed a pattern more typical of that for systems without summer droughts. Th is fi nding is likely due to the fact that winters are particularly harsh in our study system compared to those typical of other drought-prone ecosystems, only half of which experienced freeze-thaw events. Th e pronounced g s and F v / F m declines during winter of our evergreen Mediterranean species (i.e. Quercus ilex, Pinus nigra and Juniperus thurifera ) indicate physiological limitations as a result freezing cycles, and strong sensitivity to low temperatures (Martinez-Ferri et al. 2004 ).
Physiological performance of contrasting functional types under stress
Our results suggest that the responses of particular functional types might confer an advantageous performance in a changing climate (Carnicer et al. 2013) . Evergreen species in drought-prone systems showed similar or higher g s in winter relative to summer, indicating a potential to conduct photosynthesis during winter when temperatures climb during the day. In some cases the reported winter g s values were quite high (White et al. 2000 , Flexas et al. 2001 , Ogaya and Pe ñ uelas 2003 , Maseyk et al. 2008 , Peters et al. 2008 , Gimeno et al. 2012 . A capacity to maintain carbon gain during winter might be particularly important for annual carbon balance in species that experience strong functional declines during summer drought. Th erefore, evergreen species may show a competitive advantage over deciduous plants (Gimeno et al. 2009 , Choat et al. 2011 , especially if summer droughts become even more extreme with climate change. Despite this general pattern, it is worth noting that species belonging to particular functional types may be functionally distinct when subjected to diff erent stresses due to local adaptation or phenotypic plasticity (Reich et al. 2003) .
Th e meta-analysis and case study showed higher summer and winter PLC for angiosperms, and particularly for deciduous species, than for conifers. Th ese results extend previous reports of tradeoff s between xylem anatomy, hydraulic capacity and leaf gas exchange (Sperry et al. 1994 , Feild and Brodribb 2001 , Choat et al. 2011 . Th e diff erences we found among functional types in PLC are likely related to variation in the xylem conduit diameters, as larger conduits tend to be more prone to drought and especially to freeze-thaw induced embolism (Sperry et al. 1994 , Feild and Brodribb 2001 , Choat et al. 2011 ). Within angiosperms, strong enough to suggest their importance in determining ecosystem productivity throughout the year, especially in systems for which carbon gain is limited to a few months. Th e patterns shown here present a baseline against which to compare shifts for given species and vegetation systems with ongoing climate change. evergreen species usually have smaller vessel diameters with diff use porous anatomy in contrast to deciduous species with large diameter earlywood vessels and ring porous anatomy (Cavender-Bares et al. 2005) . Indeed, the PLC values in our case study species were strongly positively correlated with xylem maximum conduit diameter compiled from published data (R 2 ϭ 0.98, Supplementary material Appendix 1 Table A4 ). Narrow xylem conduits are thus adaptive for avoiding freeze-thaw induced embolism (Carnicer et al. 2013 , Charrier et al. 2013 . Wider conduits enable larger air bubbles to form and/or persist than narrow conduits, as in larger conduits bubbles would take more time to re-dissolve before the onset of a critical tension would cause them to expand Sperry 1989, Tyree and Cochard 1996) . By contrast with freeze-thaw embolism, water-stress driven embolism depends less on conduit size than on the permeability and air-seeding vulnerability of interconduit pit membranes (Sperry and Sullivan 1992) .
While most species increased PLC in winter, some declined or maintained PLC in winter relative to summer (Sperry 1993 , Magnani and Borghetti 1995 , Tognetti et al. 1998 , Cavender-Bares et al. 2005 . Th ese results suggest that seasonal resistance to extreme events might be conditioned by contrasting trait syndromes (Carnicer et al. 2013) , such as the capacity to experience a bimodal xylogenesis (Camarero et al. 2010) or to refi ll the conduits (Nardini et al. 2011 (Nardini et al. , 2013 . For example, Q. ilex in our case study, which showed reduced PLC in winter compared to summer, could have formed additional xylem during fall, allowing the recovery of the hydraulic function after drought-induced embolism or may have avoided extensive embolism by refi lling its conduits. Th e mechanisms of refi lling are still under debate (Nardini et al. 2013 ), but are likely related to carbohydrate dynamics (Ewers et al. 2001 , Am é glio et al. 2002 , Charrier et al. 2013 , i.e. involving the conversion of starch to soluble sugars that allow refi lling through positive pressures in the xylem. Instead, other functional types (e.g. the deciduous angiosperms, Q. faginea ) tolerate winter embolism until new xylem is formed during the growing season (Am é glio et al. 2002) , likely providing a functional disadvantage during the winter and early spring (Wang et al. 1992) .
Conclusions and limitations of the study
Th is study is the fi rst to our knowledge to investigate the general pattern of summer to winter transitions for woody species across the temperate zone. Th e meta-analysis supported an overall framework for the diff erences in physiological performance between summer and winter across the temperate zone. However, this approach is subject to a number of uncertainties. First, species were pooled across studies varying in methodology. Second, this approach cannot directly indicate the factors driving the physiological dynamics. For instance, the diff erences found at the functional type level could also be the result of diff erent species present in each forest type. Our results pointed to several strong conclusions. First, winter is an equal or even stronger stress than summer across the temperate zone, including for Mediterranean vegetation. Th e diff erences among functional types in seasonal dynamics of physiological performance are
